AbstractdAxial strain imaging has been utilized for the characterization of breast masses for over a decade; however, another important feature namely the shear strain distribution around breast masses has only recently been used. In this article, we examine the feasibility of utilizing in vivo axial-shear strain imaging for differentiating benign from malignant breast masses. Radio-frequency data was acquired using a VFX 13-5 linear array transducer on 41 patients using a Siemens SONOLINE Antares real-time clinical scanner at the University of Wisconsin Breast Cancer Center. Free-hand palpation using deformations of up to 10% was utilized to generate axial strain and axial-shear strain images using a two-dimensional cross-correlation algorithm from the radio-frequency data loops. Axial-shear strain areas normalized to the lesion size, applied strain and lesion strain contrast was utilized as a feature for differentiating benign from malignant masses. The normalized axial-shear strain area feature estimated on eight patients with malignant tumors and 33 patients with fibroadenomas was utilized to demonstrate its potential for lesion differentiation. Biopsy results were considered the diagnostic standard for comparison. Our results indicate that the normalized axial-shear strain area is significantly larger for malignant tumors compared with benign masses such as fibroadenomas. Axial-shear strain pixel values greater than a specified threshold, including only those with correlation coefficient values greater than 0.75, were overlaid on the corresponding B-mode image to aid in diagnosis. A scatter plot of the normalized area feature demonstrates the feasibility of developing a linear classifier to differentiate benign from malignant masses. The area under the receiver operator characteristic curve utilizing the normalized axial-shear strain area feature was 0.996, demonstrating the potential of this feature to noninvasively differentiate between benign and malignant breast masses.
INTRODUCTION
Breast cancer remains the second-leading cause of cancer deaths in women after lung cancer and over 190,000 new diagnoses of invasive breast cancer are expected in the United States this year (ACS 2009). As suggested by The American Cancer Society, breast self-examination and clinical breast examination (palpation) are the most frequently used diagnostic tools for detecting breast abnormalities. Mammography is currently the primary screening modality for breast cancer detection (Smart et al. 1995; Tabar et al. 1999; Kolb et al. 2002) . Although, the use of ultrasound imaging has been increasing for breast imaging, it has primarily been used as an adjunct to mammography to differentiate between solid and cystic masses and guide biopsy procedures. However, even with technologic advances, B-mode and Doppler ultrasound still exhibit only a 75.3% sensitivity for detecting breast cancers. The sensitivity of mammography alone is 77.6%, while the combination of mammography and ultrasound is 97% (Kolb et al. 2002) . Mammographic sensitivity declines significantly with increasing breast density (correlated with younger ages) while ultrasound sensitivity improves (Kolb et al. 2002) . Among the patients at elevated risk, including a larger number of women with dense breasts, mammographic sensitivity was only 50% while for the combination of mammography and ultrasound the sensitivity improved to 77.5% (Berg et al. 2008) . Magnetic resonance imaging (MRI) on the other hand has been reported to have very high sensitivity with lower specificity (Kuhl et al. 2005; Berg et al. 2008; Emine et al. 2009 ). Limitations of current imaging methods have led to increasing interest in utilizing stiffness variations between benign and malignant masses as a means of differentiation (Nightingale et al. 1995 (Nightingale et al. , 1999 Hiltawsky et al. 2001; Frey 2003; Bercoff et al. 2003; Regner et al. 2006; Burnside et al. 2007; Tanter et al. 2008) .
Previous ultrasound studies (Cole-Beuglet et al. 1983; Leibman et al. 1993; Skaane and Engedal 1998; Ueno et al. 1986; Chen et al. 1995) have indicated that malignant breast tumors typically exhibit an irregular or spiculated appearance and are firmly bound to the surrounding tissue through infiltration whereas fibroadenomas have more circumscribed margins and are more loosely bound to the surrounding tissue and in some instances may be surrounded by a capsule. Conventional ultrasound based methods include identifying suspicious sonographic features (ColeBeuglet et al. 1983; Skaane and Engedal 1998; Stavros et al. 1995; Rahbar et al. 1999; Moon et al. 2002; Chen et al. 2004; Horsch et al. 2006; Chang et al. 2007 ), irregular shape (Moon et al. 2002) and acoustic shadowing that indicate malignancy as well as noting bland features such as circumscribed margins, oval shape or posterior acoustic enhancement suggesting benign breast abnormalities.
For breast imaging, there are several published studies aimed at improving the diagnosis of breast abnormalities using ultrasound. Much of this work is aimed at distinguishing cystic from solid tumors and differentiating benign from malignant solid breast masses. A well-known example is the set of ultrasound B-mode image based features described by Stavros et al. (1995) that apply relative "echogenicity", shadowing, morphology and shape of the mass, to stratify breast masses. This was followed by efforts to encode many of these criteria into an ultrasound detection scheme similar to the Breast Imaging Reporting and Data System (BI-RADS) for mammography systems (Stavros et al. 1995; Berg 2005; Hong et al. 2005; Mainiero et al. 2005) . One significant drawback of this approach is that some of these parameters are described very subjectively and can be system-dependent. For example, the degree of shadowing (attenuation artifact) behind a lesion is a phenomenon that depends on relative acoustic attenuation.
In recent years, ultrasound-based axial strain imaging or elastography has been used to aid in distinguishing benign from the malignant breast masses (Hiltawsky et al. 2001; Regner et al. 2006; Burnside et al. 2007; Krouskop et al. 1987; Bertrand et al. 1989; Parker et al. 1990; Ophir et al. 1991 Ophir et al. , 1999 Garra et al. 1997; Varghese 2009 ). Axial strain images created from pre and post-deformation ultrasound radio-frequency data acquired after application of a quasi-static tissue deformation have been utilized to characterize tissue with different stiffness variations. Since malignant masses are generally stiffer than benign masses, they are typically depicted as regions with low strains on the axial strain images when compared with the softer background adipose or fibrous tissue. Garra et al. (1997) demonstrated that axial strain images of cancers appear as regions with low strain compared with benign masses. In addition, he has also illustrated that the cancers appear as larger stiffer regions on axial strain images (hypothesized to be due to the desmoplastic reaction due to infiltration of cancer cells into surrounding tissue) compared with their dimensions on corresponding ultrasound B-mode images. Fibroadenomas on the other hand appear as masses with similar dimensions in both the B-mode and axial strain images. These results were further confirmed by Hall et al. who also demonstrated that the strain image contrast of some lesions, especially fibroadenoma, can change with increasing deformation (Hall et al. 2003) . Regner et al. (2006) and Burnside et al. (2007) have demonstrated the potential of breast mass differentiation based on utilization of this size ratio feature.
More recent publications from the international community have confirmed the value of strain imaging on similar or slightly larger patient populations (ranging from 99 to 193 cases) Chung et al. 2010; Moon et al. 2009; Schaefer et al. 2009 ). Performance has been similar to previous studies demonstrating areas under the receiver operating characteristic (ROC) curve of between 0.8 and 0.9, which, while promising, is not sufficient as a standalone predictor of malignancy to obviate biopsy. Though substantial progress has been made in moving ultrasound elastography toward routine clinical use, further studies including larger clinical trials are needed to demonstrate true clinical utility. MRI elastography is in early phases of development demonstrating feasibility in phantom experiments (Mariappan et al. 2009 ) and showing promising results in a small patient population (57 patients), as recently reported by Siegmann et al. (2010) .
Much of the previous research on ultrasound breast strain imaging as discussed above is based on interpretations of the normal component (axial strain images in particular) of the strain distribution. However, in addition to the axial and lateral strain images, shear strain estimates provide supplementary information on the bonding between a tumor and the surrounding tissue. Shear strain estimates characterize breast masses based on their mobility or attachment to background tissue (Konofagou et al. 2000; Thitaikumar et al. 2007 ). The shear strain tensor along the imaging or scanning plane is defined by e zx 5 1 2
where z and x represent the axial and lateral directions, respectively. In previous work on shear strain imaging (Konofagou et al. 2000; Thitaikumar et al. 2008 ) only one component [first term in eqn (1)] of the shear strain tensor, referred to as the axial-shear strain, was estimated. We are limited to the estimation of this feature due to the increased noise artifacts present when lateral displacements are estimated from radio-frequency data collected only along the backscatter direction. Using simulation and in vivo breast data, ThitaiKumar et al. (2007 ThitaiKumar et al. ( , 2008 showed the potential to utilize axial-shear strain information for distinguishing benign from malignant breast tumors. Methods to estimate the axial, lateral and shear strain tensor have also been described in the literature. Konofagou and Ophir (1998) have described an algorithm for the estimation of both axial and lateral displacements and thereby the axial, lateral and shear strain tensor using weighted interpolation between neighboring RF A-lines in the lateral direction along with iterative correction of lateral and axial displacements. Techavipoo et al. (2004) have presented a method to estimate the displacement vector using RF echo signal data acquired along multiple angular insonification directions to estimate the axial, lateral and shear strain tensors. This has also been implemented using beam steering on a linear array transducer, enabling its use on clinical ultrasound systems (Rao et al. 2007 ). The assumption of incompressibility has also been utilized to estimate lateral strains from the axial strain estimated (Lubinski et al. 1996) . Viola et al. (2002) and Rao et al. (2007) have also investigated the use of lateral shear deformations to enhance the shear strain visualized on tissue-mimicking phantoms. Their results indicated that shear strain elastography can characterize regions of increased bonding between the lesions and background tissue. They also presented theoretical analysis on signal decorrelation that suggested that this technique may introduce larger shearing strains, thereby improving the signal-to-noise ratio of the estimated shear strain to techniques that utilize a uniaxial compression.
The feasibility and repeatability of in vivo axialshear strain imaging for breast cancer diagnosis is investigated in this article using in vivo data acquired during freehand palpation imaging (Hall et al. 2003) . To avoid any bias in the selection of the axial-shear strain region, the entire area of the axial-shear strain around the lesion was estimated automatically using a computer program and used to generate the normalized axial-shear strain area (NASSA) feature value. The purpose of this study was to demonstrate the feasibility of utilizing axialshear strain images for breast tumor classification using freehand compression and a computer-based featureselection method.
Background
Since cancers infiltrate into surrounding normal tissue and evoke a desmoplastic scirrhous reaction, the hypothesis is that they may be far less mobile than fibroadenomas; and, therefore, do not slip during compression or deformations as do fibroadenomas (Skaane and Engedal 1998) . Axial-shear strain images estimated from the axial strain tensor has the potential for clearly depicting any sliding or slippage of such masses that may occur during a uniaxial or shear deformation of tissue.
In quasi-static elastography, we typically estimate the axial differential displacements (along the direction of insonification/deformation) using time-delay estimation techniques on frames of RF echo-signals acquired before and after a small amount (typically 1%) of deformation. Axial strain is then computed from the gradient of the tissue displacements, along the beam direction, while the axial-shear strain images are obtained from the gradient across the beam direction, described mathematically in eqn (1).
Results obtained using finite element analyses (FEA) using ANSYS (ANSYS Inc., Pittsburgh, PA, USA), demonstrate the potential of determining a threshold that would enable differentiation of benign from malignant masses. This criterion is based on the axial-shear strain area differences observed on axialshear strain images of the masses. Figure 1 shows FEA simulation results of axial-shear strain images for an inclusion phantom for different values of the coefficient of friction at the interface between the inclusion and the background. Here the inclusion/background interface is modeled using contact elements and the degree of bonding at the interface varied by adjusting the coefficient of friction. The inclusion is three times stiffer than the background. The phantom was subjected to a compressive deformation of 1%. Observe that the area of the axial-shear strain (blue and red region) at the interface is larger for the bound inclusion (lower right) than the unbound inclusion (upper left).
Apart from the bonding at the interface of the inclusion and the background, the other mechanical modeling parameters that affect the axial-shear strain distribution pattern include: the applied deformation, inclusionbackground Young's modulus contrast and the dimensions of the inclusion. The axial-shear strain distribution must be normalized to reduce the effect of these parameters. We, thus, obtain normalized axial-shear strain area (NASSA) feature values that are sensitive only to the bonding conditions between the inclusion and the background. Figure 2 plots the NASSA value as a function of the coefficient of friction. The NASSA value was obtained using the following steps: (1) Set a threshold for segmenting the axial-shear strain (20% of the applied compression); (2) Find the region where the magnitude of the axial-shear strain is larger than the threshold; and (3) Normalize the area obtained in (2) to the inclusion size. Observe from the plot that the area of the axial-shear strain distribution depends on the degree of bonding at the interface. The trend of the curve is similar to that presented by ThitaiKumar et al. (2007) .
MATERIALS AND METHODS

Patient scans
The study was approved by the UW-Madison institutional review board (IRB) protocol number 2003-074. The primary criterion for inclusion was an adult female who gave informed consent and was scheduled for a biopsy of an isolated solid breast lesion (i.e., BI-RADS score 4 or 5), at the University of Wisconsin Hospitals and Clinics Breast Center. Only lesions that fit within the 4 cm width of the linear array transducer were scanned for this study. Exclusion criteria were patients with prior surgery or radiotherapy of the breast because of possible scarring.
In vivo data were acquired at the UW Breast Center using a Siemens Antares real-time clinical scanner (Siemens Ultrasound, Mountain View, CA, USA) equipped with a VFX13-5 linear array transducer. Patient scanning was performed in a manner consistent with a normal breast ultrasound examination. The breast was scanned with the patient (typically) in the supine position with her ipsilateral arm behind her head. Data were acquired during a freehand palpation or deformation of the breast using the ultrasound transducer. Patients were alert during the ultrasound scans and, therefore, could provide immediate feedback to the sonographer regarding discomfort due to breast deformation. Freehand compression of up to 10% using the ultrasound transducer was Fig. 1 . Axial-shear strain images obtained using a finite element analyses (FEA) simulation at different coefficients of friction between the inclusion and the background. The colorbar range is the same for all the shear strain images, where a 1% strain is depicted as a 0.01 level. utilized for acquiring RF data loops that were used to generate the axial strain and axial-shear strain images. A total of 41 patients were scanned. The mean age was 46.2 6 13.6 years with age ranging from 20 to 87 years. The mean height and width of the lesions were 1.39 6 0.72 cm and 1.27 6 0.76 cm respectively obtained from the ultrasound B-mode images. Madsen et al. (2005) have reported that lesions as small as 0.2 mm can be detected with axial strain imaging in tissue-mimicking phantoms. Histopathologic results of the biopsy performed were considered the reference standard in the cases analyzed; eight malignant masses and 33 fibroadenomas were included.
For each case, 160 RF data frames were collected, from which we select the frame with the best axial strain image quality (based on the normalized value of the correlation coefficient). In general, only a pair of preand postcompression frames are required to generate the axial strain and shear strain images. All the data processing for shear strain images in this article was performed off-line.
Axial strain and axial-shear strain imaging
Local axial displacements were estimated using a two-dimensional (2-D) multilevel motion tracking algorithm . The first step involves estimation of a coarse displacement estimate utilizing subsampled B-mode or envelope signals. This coarse displacement estimate is then used to guide the final cross-correlation stage on RF data. In this study, we used a 2-D kernel, which is approximately five wavelengths along the axial direction and three A-lines along the lateral direction, to compute the cross-correlation function and to determine the final displacement estimate. For each step of this algorithm, the normalized cross-correlation coefficient value was used as the matching criteria. The peak value of the normalized cross-correlation function at each step was recorded to generate an image of the local correlation coefficients. The axial strain and the axial-shear strain tensor were estimated using a least squares strain estimator (LSQSE) (Kallel and Ophir 1997) . All the RF data frames in the data loop were processed to obtain axial strain and axial-shear strain images and corresponding correlation coefficient maps. The frame with the highest mean correlation coefficient was regarded as the frame that produced the best quality axial strain image and was used for the study.
Axial-shear strain feature analysis
Several features extracted from the axial-shear strain images can be used to differentiate benign from malignant tumors (Thitaikumar et al. 2007) . In this study, we utilize the "normalized area of the axial-shear strain region (NASSA)" for the differentiation and classification of breast tumors. It was shown in (Thitaikumar et al. 2007 ) that the area of the axial-shear strain region must be normalized to the area of the tumor, applied axial compressive strain and tumor-background modulus contrast. To normalize the area of axial-shear strain region for the size of the lesion, the lesion size measured from the ultrasound B-mode image or the corresponding axial strain image can be utilized. In this study, we measure the lesion dimensions from the axial strain image. The lesions are significantly stiffer than the background tissue, enabling clear delineation of the lesion from the background tissue.
The normalization for applied axial compression and modulus contrast was done by setting the contour threshold for segmenting the axial-shear strain region as 20% of the mean applied axial strain times 20% of the background-tumor strain contrast. Here, the strain contrast is defined as the ratio between the mean axial strains estimated in the background to that estimated within the breast mass. Since the elastic modulus contrast is not known, we use the axial strain contrast to approximate the modulus contrast. The mean applied axial strain and the strain contrast were computed from a single axial strain image. The mean applied strain is the same as the mean axial strain in the tissue background. Two ROIs were selected one inside the breast mass and the second in the surrounding background tissue. The mean axial strain value was then computed over the pixels or local strain estimates within the selected ROIs.
For the computation of the NASSA feature, we therefore, utilize all the areas of the axial-shear strain region that overlap on the ultrasound B-mode image to estimate the normalized feature value, which is calculated by the ratio of the summation of these areas to the tumor inclusion area. In addition, only those pixels with axialshear strain values greater than the threshold along with the corresponding correlation coefficient value greater than 0.75 were overlaid on the corresponding ultrasound B-mode image to obtain the composite image.
Statistical analysis
A two-sample t-test with two separate and independent groups comprising the benign and malignant patients are utilized to evaluate the statistical significance of the results. For the t-test analysis, we set the NASSA values of 33 benign tumors as a group, while the NASSA values of patients diagnosed with eight malignant tumors comprise the second group. The two groups have different sample sizes and are assumed to be independent with unequal variance. The null hypothesis is that the mean NASSA value of benign masses are larger than or equal to the mean NASSA values of the malignant masses. Based on these assumptions, we get a p value , e 212 , rejecting the null hypothesis. The t-test analysis indicates that the NASSA values for malignant are significantly larger than that for benign masses with the difference being statistically significant. A receiver operating characteristic (ROC) analysis was also performed using the NASSA values obtained for the benign and malignant masses. For the ROC analysis, we choose the NASSA values for the eight malignant tumors as the true category and the NASSA values of the 33 benign tumors as the false category. We set the threshold increasing from 0 to the maximum output of the NASSA value and the step increase was set to 0.001. The true positive faction (TPF) represents the true category being greater than the threshold during each step. Similarly, the false positive fraction (FPF) denotes the false category greater than the threshold during each step. Finally, we plot TPF along the y-axis and 1-FPF along the x-axis to obtain the ROC curve. The area under the curve (AUC) is a nonparametric value that describes the performance of the test. 6 show examples of the ultrasound B-mode, axial strain image and axial-shear strain image superimposed on the corresponding ultrasound B-mode images of malignant and benign breast masses, respectively. The blue regions indicate negative axial-shear Fig. 3 . Ultrasound B-mode (a) image for a patient diagnosed with an invasive ductal carcinoma along with the corresponding axial strain (b) and the axial-shear strain image patterns superimposed on the B-mode image forming a composite image (c). Note that the normalized axial-shear strain area (NASSA) value for this patient was 1.64. The colorbar range is the same for all the axial strain and shear strain images, respectively, where a 1% strain is depicted as a 0.01 level.
RESULTS
Figures 3 to
strain values while the red areas represent positive values.
Observe that the area of the axial-shear strain region is larger for malignant tumors than for benign masses, which is consistent with the result observed from simulations in Figure 1 . Note also that the blue and red patterns occur further away from the borders of the malignant masses visualized on the corresponding B-mode image, in contrast to benign masses where the axial-shear strain patterns are seen at the lesion boundary. The location of the axial-shear strain patterns for malignant masses could be due to the desmoplastic reaction, which is also hypothesized to be a factor in the depiction of malignant breast masses with larger dimensions on the axial strain images compared with the B-mode image. Histopathologic identification of the benign and malignant breast masses described in this article is provided in Table 1 .
Unlike the simulation results reported in (Thitaikumar et al. 2007 ) and also shown in Figure 1 , we do not obtain a symmetric pattern in all the quadrants around the tumor. In most cases, we observe axial-shear strain patterns only above the breast mass, probably due to the complex in vivo boundary conditions and the reduced ultrasonic signal-to-noise ratio below the breast mass under in vivo imaging conditions. However, in some instances, we are able to visualize the complete axial-shear strain pattern in cases with adequate ultrasonic signal-to-noise ratio levels as illustrated in Figure 3 . In addition, observe that the shear strain patterns for the malignant masses in Figures 3 and 4 mimic the shear strain patterns observed for friction coefficient greater than 1 in Figure 1 . In a similar manner, the shear strain patterns for the benign masses in Figures 5 and 6 Fig. 4. Ultrasound B-mode (a) image for a patient diagnosed with invasive lobular carcinoma along with the corresponding axial strain (b) and the axial-shear strain image patterns superimposed on the B-mode image forming a composite image (c). Note that the normalized axial-shear strain area (NASSA) value for this patient was 1.28. The colorbar range is the same for all the axial strain and shear strain images, respectively, where a 1% strain is depicted as a 0.01 level.
mimic the shear strain patterns for friction coefficients less than 0.2 shown in Figure 1 . For benign masses such as fibroadenomas, mass slippage is observed only around the boundary of the mass with respect to the background. In addition, while applying the deformation necessary for strain imaging, care is always taken to keep the breast mass within the imaging plane. Both of these factors contribute to the low levels of shear strain observed at the boundaries of fibroadenomas. Figure 7 presents a scatter plot of the NASSA feature values over the number of patients that were scanned. There is a statistically significant difference between NASSA feature values for malignant vs. benign masses (p , 3.4175e 26 ). Note that the NASSA values for patients with cancerous masses are larger than those compared with patients with benign masses. Most of the fibroadenoma exhibit a feature value smaller than 1, while all the eight cancers exhibit a feature value greater than 1. The feature value for the only patient with the benign mass with a NASSA value greater than the threshold (equal to 1.21) is partly because axial-shear strain image of this patient included large noise artifacts.
ROC analysis also demonstrates the improvement in the classification obtained using the NASSA feature as illustrated in Figure 8 . The ROC curve obtained using the NASSA feature value shows a very high AUC value of 0.996, which suggests that this method can accurately and effectively differentiate malignant tumors from the benign masses.
DISCUSSION AND CONCLUSIONS
In this article, we illustrate the feasibility of obtaining axial-shear strain images under in vivo imaging Fig. 5 . Images for a patient diagnosed with a benign mass, namely a fibroadenoma. Ultrasound B-mode (a), axial-shear strain (b) and composite image obtained by superimposing the axial-shear strain patterns on the ultrasound B-mode image (c). Note that the normalized axial-shear strain area (NASSA) value for this patient was 0.72. The colorbar range is the same for all the axial strain and shear strain images, respectively, where a 1% strain is depicted as a 0.01 level.
conditions. Both the axial strain and axial-shear strain images were obtained from the same RF pre-and postdeformation data set. The axial strain image provides information on the dimensions of the tumor and tumor/ background strain contrast, which is utilized to normalize the axial-shear strain area feature obtained from axialshear strain images. Previous reports by Garra et al. (1997) and Hall et al. (2003) have demonstrated that the lesion size ratio feature estimates obtained from axial strain and corresponding B-mode images can be used for differentiating benign from malignant breast masses. They found that malignant lesions tend to be depicted as larger masses on axial strain images than on the ultrasound B-mode images, while benign lesions for example fibroadenomas usually appear to be smaller or of the same size on B-mode images (Garra et al. 1997; Hiltawsky et al. 2001; Hall et al. 2003; Regner et al. 2006; Burnside et al. 2007 ). Burnside et al. (2007) reported that the average area under the ROC curve of 0.903 using axial strain based features compared with 0.876 obtained using only ultrasound B-mode features. The axial-shear strain images, however, may provide additional information along with axial strain and B-mode images, to improve the performance of breast tumor classification.
In this study, the data acquisition involved free-hand deformations, which is convenient to perform but is more likely to introduce errors due to lateral and elevational tissue motion. A total of 160 RF frames were acquired for each patient and used to estimate displacement and strains. However, only axial strain and axial-shear strain images with high values of the normalized correlation coefficient value were selected for classification.
Stepper motor controlled compression could be applied to obtain a specified deformation increment and fewer data sets for processing. Another advantage of motor controlled compression is that the applied deformation is known and there is no need to estimate the average compression from the axial strain image as was done in this study. This would also make it easier to set the threshold for segmenting the axial-shear strain region. However, stepper motor controlled compression require five degrees of freedom (three translational and two rotational motorized stages) for adequate motion control and is not as flexible as freehand scanning of the patient.
To avoid bias in the choice of the axial-shear strain region, a computer based feature selection approach was utilized. As shown in Figures 3 to 6 , we do not obtain a symmetric pattern in all the quadrants around the tumor as depicted in the simulation results shown in Figure 1 and also reported in Thitaikumar et al. (2007) . Therefore, we take into consideration the entire area of the axial-shear strain region that overlaps on the B-mode image to estimate the NASSA value rather than choosing one or two quadrants as described by ThitaiKumar et al. (2007) . In addition, all pixels with NASSA values greater than the threshold value and corresponding correlation coefficient values greater than 0.75 were selected to be overlaid on the ultrasound B-mode image.
The data set used for the in vivo classification study consisted of 33 benign and eight malignant breast tumor cases. Even though the size of the data set reported is not large, the preliminary data demonstrates the potential of axial-shear strain elastography for the classification and differentiation of breast masses. It is expected that we would encounter an increased variety of axial-shear strain distribution patterns with an increase in the data set. However, the discriminant feature value namely NASSA should stabilize by incorporating additional studies on larger patient datasets that involve more observers. Close inspection of the malignant masses in our population may also prove instructive. As expected, the majority of malignancies were invasive ductal carcinoma (7) but two interesting histologic subtypes were encountered in our dataset: a tubular cancer and an intracystic papillary carcinoma. Each of these malignancies is low grade, has a low risk of positive margins at definitive surgical resection and carries a substantially improved prognosis. Interestingly, our shear strain data indicates firm attachment of the tumor to the background tissue. In addition, our single case of lobular carcinoma, a malignancy that is well known to be more extensive on pathology than on imaging shows high shear strain possibly indicating disease beyond the margins identified at imaging as illustrated in Figure 4 . Based on this preliminary data, shear strain imaging may be valuable in assessing the extent of disease beyond the image margins, thus, more accurately assessing their size as well as differentiating benign from malignant tumors. Further research to validate this hypothesis is warranted.
The ROC analysis also demonstrates the improvement in the classification performance obtained using the NASSA feature. In fact, the NASSA provides excellent discrimination of malignant and benign masses with an area under the curve of 0.996 (see Fig. 8 ). If we set the threshold to be approximately 1.10, NASSA achieves a sensitivity of 100% and a specificity of 99%.
The current study is limited to 2-D imaging in which only one single slice is acquired to produce axial-shear strain images. The pattern of axial-shear strain, however, would vary with the location of the image plane due to the irregular shape of the tumor. With the use of 2-D array transducers under real-time 3-D imaging conditions, it would be desirable to obtain 3-D axial-shear strain images and volumetric feature values to better predict the utility of the axial-shear strain images in classifying breast tumors.
In this preliminary investigation, we find that axialshear strain images may provide important information, which could compliment axial strain and B-mode images to improve classification of breast masses on ultrasound.
